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Introduction
Enhanced biological phosphorous removal (EBPR) is a frequently used, economical and sustainable process to remove phosphorus (P) from wastewater as it can help to reduce the carbon requirements for nutrient removal and the energy consumption of wastewater treatment plants (WWTP). EBPR is mainly carried out by a group of bacteria known as polyphosphate accumulating organisms (PAOs), and for the process to result in a net P removal alternate anaerobic and aerobic steps are needed. During anaerobic conditions PAOs utilize an external carbon source to produce poly-β-hydroxyalkanoates (PHA) whilst hydrolyzing their intracellular poly-phosphate to obtain energy and releasing orthophosphates. In the aerobic phase PAOs oxidize their stored PHA to generate the energy needed for orthophosphate uptake and to recover their intracellular polyphosphate levels. The aerobic step can also be accomplished under anoxic conditions by a specific group of PAOs, namely denitrifying PAOs (dPAOs), which can remove nitrogen and phosphorus simultaneously using nitrate (NO 3 -) or nitrite (NO 2 -) as electron acceptors (Kuba et al., 1996) . However, another group of bacteria, known as glycogen accumulating organisms (GAOs), can also be found in this process. The presence of GAOs can lower the EBPR efficiency because they compete with PAOs for the carbon substrates without performing phosphorus removal (Cech and Hartman, 1993 ; Whang and Park, 1999) . GAOs hydrolyze internal glycogen under anaerobic conditions to obtain energy for carbon uptake and storage as PHA. In aerobic conditions, GAOs oxidize their internal PHA for cell growth and glycogen replenishment without phosphorus removal. Under anoxic conditions, the so called The negative effect of the simultaneous presence of different nitrogen oxides (NO 3 -, NO 2 -and N 2 O) on their reduction rates during denitrification was first reported under low COD/N ratios for ordinary heterotrophic denitrifiers that metabolized externally available carbon sources as the electron donor (von Schulthess and Gujer, 1996) . This concept, known as electron competition, was also reported when external carbon was available in excess in a denitrifying culture using methanol as the sole carbon source, and also when different COD loadings were applied (Pan et al., 2013 
Materials and methods

Bioreactors set-up and operation
Two lab-scale sequential batch reactors (SBRs) were operated to develop a dPAO and a dGAO enriched culture, respectively. The dPAO reactor consisted of a 2L SBR and it was inoculated with sludge from the WWTP of Beirolas (Portugal). The dGAO reactor had a volume of 6L and it was inoculated with sludge from Girona's WWTP (Spain).
Both reactors were operated in a 6h cycle consisting in: 5min feed-1; 102min anaerobic phase, 4min feed-2, 114min anoxic phase, 90min aerobic phase and 45min of settling and decant. The feed used in both reactors was slightly different and is described below.
The pH was controlled at 7.5 ± 0.1 with 0.1M HCl. The sludge retention time (SRT) was 10 days in both reactors and was maintained by wasting mixed liquor at the end of the aerobic phase.
Both reactors were fed with synthetic wastewater with the following characteristics: 
Calculations
The measured maximum specific nitrate, nitrite and nitrous oxide reduction rates (r NO3-,m , r NO2-,m and r N2O,m ) were determined through linear regression of the nitrate, nitrite and N 2 O profiles, respectively divided by the MLVSS concentration. The true reduction rate of each nitrogen oxide was calculated as follows:
N 2 O production rate was considered to be equal to the nitrite reduction rate based on the assumption that NO did not accumulate. NO is a potent cytotoxin and its accumulation causes bacterial decay (De Boer et al., 1996) . Also in order to prevent accumulation of cytotoxic levels, intracellular concentrations of nitric oxide are typically maintained at low nanomolar levels through synchronized regulation of Nir and Nor (Goretski et al., 1990 ). Therefore, the NO reduction reaction is prioritized and not the rate-limiting step of denitrification.
The specific electron consumption rates for nitrate (Nar), nitrite (Nir), nitric oxide (Nor) and nitrous oxide (Nos) were calculated as follows:
Eq. 5-8 express the electron consumption of Nar, Nir, Nor and Nos respectively, in mmol e-/ gVSS· h. For the case of Nor, the reduction rate of NO was assumed to be equal to the nitrite reduction rate. Electron distribution was calculated as the ratio of electron consumption rate for each of the nitrogen oxide reductases to the total electron consumption rate, expressed as a percentage (Eq. 9):
*100 (Eq. 9) (Figure 1a) . The P release/VFA uptake ratio was 0.44 ± 0.07 Pmol/Cmol.
Results and discussion
Reactor performance and microbial community characterization
This P/C ratio agrees well with the one obtained by (Carvalheira et al., 2014b ) using an enriched PAO culture fed with the same combination of acetate-propionate, suggesting that the activity observed in the bioreactor resulted mainly by dPAO rather than dGAO.
The dGAO reactor was operated for half a year before the experiments were conducted. Figure 1b shows a typical cycle study profile. All VFAs were consumed during the anaerobic period. During the following anoxic phase, the nitrate added was completely consumed and nitrite accumulated while nitrate was present. Afterwards, nitrite was also consumed. Phosphate concentration did not change and remained very low during the whole cycle (<1 mg P/L).
Microbial analysis were conducted in each SBR at the time when the batch tests were carried out. Table 2 shows the quantification of each microbial community through the FISH technique.
42% of the bacterial community present in the dPAO-SBR was targeted by PAOMIX (comprising the microorganisms belonging to the Accumulibacter-PAO group), with 26% being type PAO I (able to denitrify from nitrate and nitrite) and 15% being type PAO II (only able to denitrify from nitrite). Also GAOs were detected in this biomass with 23% of the bacterial community belonging to the Competibacter-GAO group and 4% belonging to the Defluviicoccus-GAO group.
For the case of dGAO-SBR, Competibacter (targeted by GAOMIX) and
Defluviicoccus-GAO comprised around 75% of the microbial population while around 14% of the bacterial population belonged to the Accumulibacter-PAO group. An example of two images from the FISH quantification of the PAOmix for the dPAO culture and of the GAOmix for the dGAO culture can be found in the supplementary material ( Figure S1 ). Figure 2 shows the experimental profiles obtained in the batch tests conducted with one electron acceptor (tests A-C, see Table 1 ) for the dPAO and the dGAO cultures respectively.
Distinctive denitrification kinetics of dPAO and dGAO cultures with different electron acceptors
In tests A and B, N 2 O accumulated in both cultures, since its reduction rate was slower than the nitrite reduction rate. For the case of dGAOs, nitrite also accumulated (batch test A) indicating that dGAO had a preference to consume nitrate against nitrite. That was not the case for dPAOs where nitrite did not accumulate in any of the cases. The nitrite reduction rate in dPAOs was around 2 times higher than that of dGAOs in test B (21.24 ± 3.96 mg N/g VSS·h and 9.96 ± 1.44 mg N/g VSS·h, respectively). Therefore, nitrate reduction can be considered as the rate-limiting step for dPAO.
Nitrite addition caused an important increase on N 2 O accumulation in the case of dGAOs ( Figure 2B-right) . dPAOs, had a higher nitrous oxide reduction rate than dGAOs, especially when nitrite was added as the sole NOx in test B (18.9 ± 4.62 mg N/g VSS·h and 1.63 ± 0.71 mg N/g VSS·h, respectively), suggesting a possible inhibitory effect of nitrite on the nitrous oxide reductase for dGAOs, which was not observed for dPAOs. Figure 3 shows the specific reduction rates for each electron acceptor added in each type of batch test conducted. When comparing both cultures, dPAOs had higher reduction rates in general compared with dGAOs, showing higher denitrifying capacity.
In the case of dPAOs, nitrate reduction rate was relatively constant across the different tests. Interestingly, nitrite reduction rate significantly increased in those tests where it was added simultaneously with nitrate (Tests F & G). It was found that dPAOs had a preference for nitrite as electron acceptor, presenting the highest N reduction rates in all the tests where nitrite was added. N 2 O reduction rate was slightly lower than nitrite reduction rate in the majority of the tests, resulting in some N 2 O accumulation (see Table 3 ).
On the other hand, the dGAO population presented a preference for nitrate, having higher nitrate reduction rates than those of nitrite. Also, the rate of nitrate reduction was 
Electron competition and distribution when using PHA as carbon source for denitrification
A flow of electrons is required during the denitrification process for all the reductive steps, which are provided from the oxidation of the PHA. Electron competition is defined here as the competition of the different electrons between the different denitrifying enzymes (nitrate reductase (Nar), nitrite reductase (Nir), nitric oxide reductase (Nor) and nitrous oxide reductase (Nos)) of the denitrification process.
Tests D-G were carried out in order to see if there was a competition for electrons when several electron acceptors were present simultaneously. Figure 4 shows the electron consumption rates of all the nitrogen oxides reductases for all the batch tests in both dPAO (a) and dGAO (b) cultures and the electron distribution for dPAOs (c) and
The electron consumption rates by Nar, Nir, Nor and Nos were very similar in all the experiments independently of the electron acceptor addition scheme. This suggests that there was not competition for electrons in either dPAOs or dGAOs. Higher electron consumption rates were obtained in the dPAO tests due to the fact that this culture had higher denitrification rates. The maximum electron consumption rate in the dPAO culture was obtained in experiment G, where all the electron acceptors were added simultaneously.
The electrons were distributed depending on the electron acceptors added in each test.
For example, in the case of Test A in dPAOs, the expected electron distribution was found, with around 40% of the electrons going to Nar and the remaining 60% almost evenly distributed among the other reductases. This was also the case for Test D, where nitrate was added together with N 2 O. Interestingly, in those tests where nitrate was added together with nitrite, the percentage of electrons distributed to Nar decreased, increasing the fraction diverted to the other reductases. This suggests the activation of another microbial group which denitrifies from nitrite.
In the case of dGAOs, the clear preference for nitrate is highlighted in figure 4d .
Between 50 to 60% of electrons were derived to Nar, with the remaining evenly distributed among the other reductases when nitrate was added alone or in combination Special attention needs to be paid on those systems were nitrite pathway is promoted since the abundance of dGAOs will not only affect the effectiveness of the P removal process of the plant but also will most likely increase its overall N 2 O emissions. 
Conclusions
